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IrrigationAbstract Water, it is said, will be the oil of the twenty-ﬁrst century. Successful water management
will be the key to future economic growth and social wealth in both developed and developing coun-
tries. Due to the continuous agricultural expansion, urban development, and increased demands on
limited water supplies, Egypt is compelled to look for unconventional water resources. One of the
most important sources is groundwater in the western desert of Egypt. More water abstraction is cur-
rently taking place raising the dangers of overexploitation and deterioration of water quality in Siwa
Oasis located in Egypt western desert. The main objectives of this study are to monitor the quality of
the Siwa Oasis groundwater over ten years. The present paper presents the results of this investigation
and the future outlook for the situation of the limited water resources of the oasis. The data showed
spatial differences between water qualities obtained from different locations within the Oasis. It was
also observed that there are temporal changes and that water quality is deteriorating in alarming rate
over time. Most studied water samples were considered unsuitable for irrigation due to salinity haz-
ards. The reason that may contribute to speeding up groundwater quality deterioration is the unsafe
ground water mining on the deep sandstone aquifers which causes the decreases of the fresh water
vertical movement from the deep sandstone aquifer to the surface limestone aquifer.
ª 2014 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
The major constraint for sustainable agricultural expansions is
the availability of water suitable for irrigation (Al-Omran et al.,
2012; Aly et al., 2011). The quality of irrigation water is an
important issue due to its impact on crop production and soil
quality as well as human and animal health. In Egypt, in the
recent years a great deal of attention has been directed toward
expanding agricultural project developed on groundwater. One
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Nile Delta region and the New Valley including Siwa Oasis
due to its soil and groundwater potentialities. In order to
achieve sustainable development in these regions an integrated,
complete, and accurate monitoring information system regard-
ing the status of the groundwater quality is indispensable. The
Siwa Oasis is situated in the western desert of Egypt, formerly
also known as the Libyan Desert. The area at Siwa depression
is about 1100 Km2 extending about 80 km from east to west.
The lowest points of the depression formed by the Oasis are
17 m below the sea level and occur mostly to the east of Ago-
rmy. Groundwater is the only source of drinking and irrigation
water in Siwa Oasis (Bliss, 1999). Old artesian wells originated
from the top shallow aquifer are the traditional source of irri-
gation water in Siwa Oasis; the numbers of these wells are
220. As the need for more land aired, the upper limestone aqui-
fer has been tapped by hand-drilled and boreholes as a new
source of irrigation water (Aly, 2001). The number of these
artesian wells had exceeded 900 wells. Recently, the deep sand-
stone aquifer has been tapped to about 1500 m of the aquifer
(FAO, 1997). The salinity of shallow wells ranges between
1600 and 8000 ppm in some places, while the deep artesian wells
range between 300 and 400 ppm (Aly et al., 2013; Aly and
Benaabidate, 2010). Due to the continuous expansion of agri-
cultural development in the Oasis and the increased demands
on water supplies, which is manifested in more water abstrac-
tion, there is an urgent need for monitoring water quality in
Siwa Oasis (Aly and Benaabidate, 2010). For historical, demo-
graphical, and economical reasons as well as its high potential
for agricultural development, the Siwa Oasis is considered the
most important oasis in the western desert of Egypt. In addition
to the existing cultivated area, there are more than 17,000 fed-
dans that was determined to be suitable for agricultural devel-
opment (Balba, 1992). The area under cultivation has been
gradually increased in recent years as the population of the
oasis is on the rise. New land reclamation development projects
aimed at the exploitation of water resources have been in pro-
gress (El-Shazly and Abd-Mogheeth, 1991).
Aly (2001) concluded that the water quality in Siwa is dete-
riorating over time, and there is an urgent need for long term
monitoring of water quality of the available water resources in
the Siwa Oasis. The current research study was set to do just
that. Its overall objective is to monitor the quality of the water
resources in the Oasis on a temporal and spatial basis through
10 years. The present paper presents the results of this investi-
gation and the future outlook for the situation of the limited
water resources of the oasis.
2. Materials and methods
2.1. Spatiotemporal monitoring
Water resource qualities in Siwa Oasis were monitored over a
period of 10 years in an attempt to capture and follow the tem-
poral changes. These water resources have been selected to rep-
resent and cover the Oasis.
2.2. Sampling sites and dates
In this study,water sampleswere collected from44different loca-
tions that cover the Siwa Oasis water resources (Maps 1 and 2).Water samples were recorded at ﬁve different dates from
each site over a period of 10 years in an attempt to capture
the seasonal variations and temporal changes in the water
resource quality.
In this study the sampling dates were September 1998, Sep-
tember 1999, January 2000, March 2001, and February 2008.
After sampling, water samples were transported immedi-
ately in iceboxes to the laboratory, and chemical analyses were
carried out to assess the water quality according to Klute
(1986).
2.3. Water quality measurements
The water samples were analyzed according to the following
procedures:
- Water reaction (pH): The pH of the water was determined
using a pH meter. (Jenco Electronics. LTD pH – Vision
6071)
- Total soluble salts: The salt content was measured by using
electrical conductivity meter (EC) in dS/m at 25 C. (Bax-
ter, digital conductivity meter)
- Calcium and magnesium: Soluble calcium and magnesium
were determined by the versenate titration method (EDTA)
using ammonium purpurate as an indicator for calcium and
Eriochrome Black T (EBT) for calcium plus magnesium
according to Klute (1986).
- Sodium and potassium: Soluble sodium and potassium were
determined photometrically using a ﬂame photometer.
- Carbonates and bicarbonates: Soluble carbonates and bicar-
bonates were determined by titration with 0.005 N sulfuric
acid using phenolphthalein as an indicator for the former
and methyl orange as an indicator for the latter according
to Klute (1986).
- Chlorides: Soluble chlorides were determined by titration
with 0.005 N silver nitrate solution and potassium chro-
mate as an indicator according to Klute (1986).
- Boron: Boron was determined calorimetrically by using car-
mine according to U.S. Salinity Laboratory Staff (1954).
2.4. Georeferenced location of the studied wells
The coordinates of the studied wells were obtained using a cus-
tom made Real-Time Differential GPS, which uses a radio sig-
nal to correct the GPS signal in real time and provides an
accuracy of approximately 5 m. Garmin 12XL GPS (Garmin
Corporation, 1997) was used to locate the artesian wells, using
either the geographic latitude or the UTM northing – easting
coordinate systems.
3. Results and discussion
3.1. Water salinity
Determination of salinity hazard is very important in irrigation
water, as high salt content renders the soil saline. This also
affects the salt intake capacity of the plants through the roots.
Electrical conductivity (EC) is a measure of water capacity to
convey electric current. It represents the amount of total dis-
solved salts (TDS).
Map 1 Location of studied area.
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(dS m1). In general, the water EC of the north and middle
of Siwa city was the lowest followed by water located in wes-
tern of Siwa city then El-Maraki and Aboshrof areas since
the water EC exhibited higher salinity. This trend was consis-
tent throughout the ﬁve sampling dates (September 1998, Sep-
tember 1999, January 2000, March 2001, and February 2008).
From Figs. 1–4, we can conclude that the mean of water
salinity of artesian wells collected from north and middle of
Siwa city (n= 18) in the ﬁrst sample (1/9/1998) was
3.92 dS m1. In the last sample (20/2/2008), for the same area,
the water salinity has increased to reach an average of
5.2 dS m1 ranging from 2.70 dS m1 for Ain Mohamed Hady
to 8.90 dS m1 for Ain Emmlol which has salinity of
3.04 dS m1 in the ﬁrst sample (1/9/1998). The increase in
water salinity in Ain Emmlol was about 193% of the original
water salinity which represents the rapidly severe water quality
deterioration (Aly, 2001; Aly and Benaabidate, 2010).
The water salinity data were also statistically presented in
Box plots graph (Figs. 5–8), the boundary of the box closest
to zero indicates the 25th percentile, a line within the box
marks the median, and the boundary of the box farthest from
zero indicates the 75th percentile. Whiskers above and belowthe box indicate the 90th and 10th percentiles. The following
ﬁgure represents the box plot graph.
Water samples collected from western of Siwa city (n= 16)
exhibited high values of water salinity than north and middle
of Siwa city. In the ﬁrst sample (1/9/1998), water salinity aver-
age was 4.09 dS m1 with a range between 3.04 and
8.01 dS m1. The highest water salinity value was observed
on Ain Emaseer (Figs. 1 and 2).
The mean EC in the last sample date (20/2/2008) was
5.6 dS m1 ranging from 3.3 to 9.50 dS m1. The highest salin-
ity was measured in Ain Emaseer. On the other hand, the
water salinity in Ain Waﬂa has increased by 89.3% from
3.75 to 7.10 dS m1 (Figs. 1 and 2).
Five artesian wells were studied in El-Maraki area. The
average water salinity was 6.54 dS m1 (1/9/1998) and
increased to 9.51 dS m1 (20/2/2008). The lowest value in the
ﬁrst sample was in Ain Dehaba (3.80 dS m1) which increased
to 6.65 dS m1 in the last sampling date.
On the other hand, the highest EC value was observed at
Ain Meshendt El-Kabera (10.71 dS m1) in the ﬁrst sample
and increased to 13.62 dS m1 in the last sample. Moreover,
Bir Meshendt increased from 7.25 dS m1 (1/9/1998) to
15.29 dS m1 (20/2/2008), posing a very rapid deterioration
Map 2 Georeferenced locations of the studied wells of Siwa Oasis.
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Figure 1 Temporal monitoring of wells salinity in north and
middle of Siwa city (n= 18).
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Figure 2 Temporal monitoring of wells salinity in western of
Siwa city (n= 16).
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Figure 3 Temporal monitoring of wells salinity in El-Maraki
area (n= 5).
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Figure 4 Temporal monitoring of wells salinity in Aboshrof area
(n= 5).
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Figure 5 Box plot graph of water salinity in north and middle of
Siwa city.
Figure 7 Box plot graph of water salinity in El-Maraki.
Figure 6 Box plot graph of water salinity in western area.
Figure 8 Box plot graph of water salinity in Aboshrof.
Long-term detection and hydrochemistry of groundwater resources 71in water quality in this location over a relatively short period
of time (Aly, 2001; Aly and Benaabidate, 2010; Balba, 1992;
Bliss, 1999; El-Shazly and Abdel-Mogheeth, 1991).
The last area studied was Aboshrof area where we selected
5 artesian wells. The mean water salinity increased from
8.05 dS m1 in 1/9/1998 to 10.68 dS m1 in 20/2/2008. Only
one site was low in its salinity, Ain El-Zaytona
(EC = 2.90 dS m1) in the ﬁrst sample. The highest EC value
in the ﬁrst date was observed in Ain Kershet (11.11 dS m1).
By the last sampling date, Ain Kershet represents the highest
EC of 14.23 dS m1, while Ain El-Zaytona water salinity
increased to 3.43 dS m1.
The overall spatiotemporal variability of the water salinity
is illustrated in Figs. 1–8. The water salinity measured by water
EC is plotted against the sampling dates in graphs. The data
also showed a general trend of increasing water salinity over
time.
In north and middle of Siwa city (Fig. 1) more than 33% of
the samples had a noticeable increase in the EC at the last sam-
ple than the ﬁrst one, in these samples the wells water transfer
to be unsuitable for irrigation due to high salinity. The data on
these wells also recorded a very rapid deterioration especially
for Ain Emmlol (the EC changed from 3.04 to 8.90 dS m1
on the last date). In the same area, north and middle of Siwa
city, the data showed that 43% of the well water samples
had a slight increase in the EC at the last sample than the ﬁrst
one, 19% of well water had approximately a constant EC
value, while only 5% of the well water sample had a slight
decrease in the EC value at the last sample than the ﬁrst one
(only Bir Ghaliet changed from 4.33 to 3.40 dS/m) (Aly,
2001; Aly and Benaabidate, 2010).
This trend is also similar in western of Siwa city (Fig. 2)
more than 58% of the samples had a noticeable increase in
the EC at the last sample than the ﬁrst one. In these samples
the well water also transferred to be unsuitable for irrigation
due to high salinity (the EC ranged between 3.04 and 8.01 in
the ﬁrst sampling date; while, in the last sampling date the
EC ranged between 3.3 and 9.50 dS m1). Thirty seven per-
centage of the well water samples in this area had a slight
increase in the EC at the last sample than the ﬁrst one, and
5% of well water had approximately a constant EC value while
0% of the well water sample had a decrease in the EC value.
Figure 9 Average Boron and trace elements concentrations.
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trend of increasing salinity with time in all well water. 73% of
all samples in El-Maraki area have EC above 6 dS m1 in the
last sampling date (20/2/2008), while in Aboshrof area 55% of
the water samples have EC above 10 dS m1. Generally it is
obvious that the water salinity in these two areas is higher than
other areas.
It is clear that the artesian wells in El-Maraki and Aboshrof
presented the lower water quality than other areas of the Siwa
Oasis. Analyzing the temporal changes of the water salinity
indicated that more artesian wells in the areas around Siwa city
are increasing in there EC (i.e., more artesian wells are in the
category 4–8 dS m1). Also some artesian wells are reading
value of EC > 12 (e.g., Ain and Bir Meshendt and Bir Ker-
shet) (Aly, 2001; Aly and Benaabidate, 2010).
Based on the classiﬁcation of EC suggested by Ayers and
Westcot (1985), most of the water samples are classiﬁed as
severe saline water. The irrigation using this water may have
adverse effects on soil quality, since secondary salinization is
expected especially in the arid conditions of Siwa Oasis.
The reason that may contribute to speeding up groundwa-
ter quality deterioration is the unsafe ground water mining on
the deep sandstone aquifers which causes the decreases of the
fresh water vertical movement from the deep sandstone aquifer
to the surface limestone aquifer (Elhossary, 1999).
There is an urgent need for controlling the wells’ discharge
and a strict prohibition of any new drillings of the deep wells in
the oasis to stop further groundwater deterioration.
3.2. Chloride
As expected, chloride distribution trend followed the same
trend of water salinity. The highest observed mean values of
chloride obtained in Aboshrof and El-Maraki areas where
their average chloride concentration were 66.5 and
53.8 meq L1, respectively in 1998. These values have
increased to reach 76.00 and 76.67 meq L1 for the same areas
in the last sample (20/2/2008). El-Maraki area showed the
highest increase in the chloride concentrations (from 53.8 to
76.76 meq L1) where Bir Meshendt for instance reached
128.5 meq L1 (20/2/2008) from 74.0 meq L1 measured in
the ﬁrst sample (1/9/1998). Chloride concentrations slightly
increased in the other two areas over the course of water sam-
pling (Aly, 2001; Aly and Benaabidate, 2010; Balba, 1992; El-
Shazly and Abdel-Mogheeth, 1991).
Water soluble chloride concentrations showed the same
trends. The spatial and temporal distribution indicates high
concentration in E-Maraki and Aboshrof areas and a general
increase in chloride concentrations with time.
3.3. Water sodicity
The soluble sodium in the tested water samples followed the
same trend as water salinity. The highest values were formed
in Aboshrof and El-Maraki areas while the lowest values were
recorded in north, middle, and western of Siwa city.
Sodium adsorption ratio (SAR) values were calculated as
measured of the water sodicity hazards. The average SAR
for north and middle of Siwa city was 9.26 (1/9/1998) ranging
from 4.74 in Bir Tensar to 13.08 in Bir El-Shazly. In the last
sample (20/2/2008) the mean SAR value for the same areawas 11.90 and the lower value was 7.94 in Ain El-Hemedat
and the higher was 20.7 in Ain Ezgawa (Aly et al. 2011).
In western of Siwa city, the mean of SAR was 10.10 (1/9/
1998) and slightly increased to 13.05 (20/2/2008). The lower
value in the ﬁrst sample was 6.70 in Bir Abobalees and the
highest was 14.50 in Ain Abobalees. In the last sample Ain
Hen El-Baco recorded the lower SAR value of 10.63 while
Ain Emasear was the highest in the SAR with 21.69.
El-Maraki area increased in its SAR average from 13.93 to
17.62 in the ﬁrst and last sampling date, respectively. Ain Deh-
aba has the lower SAR value in the ﬁrst sample of 9.6 while
Ain Meshendt El-Kabera has the highest SAR value of 21.2
(1/9/1998). After 10 years a very slight change in SAR values
was observed in this area except for Bir Meshendt which
increased from 16.9 to 21.34 (Balba, 1992; Bliss, 1999; El-
Shazly and Abdel-Mogheeth, 1991).
In Aboshrof area, SAR mean values increased from 13.19
(1/9/1998) to 14.42 (20/2/2008). The highest increase was
observed in Ain El-Zaytona which increased from 6.9 (1/9/
1998) to 12.80 (20/2/2008). This dramatic increase in the
SAR in this location was due to the doubling in the sodium
value which indicates a fast great deterioration in this site.
The trend analysis of the spatiotemporal distribution of the
SAR showed a higher value of SAR in El-Maraki and Abo-
shrof areas. The higher SAR values in these two areas indi-
cated the lower quality of these water resources.
It is clear that more artesian wells are changing over time to
reach an SAR value higher than 15 (e.g., Bir Entfear Barema,
Bir Entfear-2, Ain Ezgawa, and Ain Emasear) (Aly, 2001; Aly
and Benaabidate, 2010; Balba, 1992; Bliss, 1999; El-Shazly and
Abdel-Mogheeth, 1991). This increased trend in the SAR val-
ues is an indicator to the deterioration of the water quality in
the studied artesian wells.
3.4. Boron and trace elements
Boron is an essential element for plant growth and is needed in
relatively minute amount, however, it may turn toxic if found
in appreciably greater amount than needed. Groundwater,
unlike surface water, may contain toxic amount of boron.
Water samples were analyzed for their boron concentrations
as well as some trace elements and heavy metals (Fe, Zn,
Mn, Cu, and Cd). The boron concentration had no constant
trend with time. There were some locations where boron
reached a signiﬁcantly high concentration (above 1 mg L1).
The highest value in the ﬁrst sampling date was 2.8 mg L1
Figure 10 Hydrochemical facies according to Piper diagram.
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the highest value was 1.7 mg L1 measured in Bir Meshendt.
In the fourth sampling date, Bir Entfear-2 had the highest
value of boron concentration (2.1 mg L1) (Fig. 9).
The iron and nitrate concentrations were low in general and
no hazards anticipated due to these elements (Aly, 2001).
3.5. Hydrochemical facies
Major cations and anions such as Ca, Mg, Na, K, HCO3, SO4,
and Cl in meq L1 were plotted in Piper’s trilinear diagram
(Piper 1944) to evaluate the hydrochemistry of surface water
of Siwa Oasis (Fig. 10). This ﬁgure shows that studied waters
mostly present as sodium chloride–sulfate water types. Indeed,
and on the basis of Walton’s classiﬁcation (Walton, 1970),
nearly 87% of the water samples showed relative excess of
chloride and sodium (Aly and Benaabidate, 2010).4. Conclusions
In Siwa Oasis, water salinity as one primary indicator for
water quality for irrigation was recorded to be higher than
the acceptable level for irrigation water in most studied wells
and it increased with time. There are salinity, chloride, and
sodicity problems that make this water unsuitable for irriga-
tion. A speciﬁc toxic element such as boron was higher than
the acceptable safe limit in some wells at certain dates. The rea-
son that may contribute to speeding up groundwater quality
deterioration is unsafe groundwater mining on the surface
limestone and deep sandstone aquifers. The evaluation of the
water samples over time was obtained to determine its suitabil-
ity for irrigation use. The evaluation of the water according tothe FAO method indicated that all samples showed salinity
and sodicity problems especially in the last sampling date
(20/2/2008). There was an obvious potential for developing
inﬁltration problem as it was clear from the calculated SAR
values. It was also clear that some locations have speciﬁc iron
toxicity such as sodium, chloride, and boron in some locations
at certain dates. Bicarbonate and pH values were within the
acceptable levels. On the other hand, the deep artesian wells
(Safy Siwa, El-Dakror, Kershet and Aboshrof) were suitable
for irrigation to all sensitive crops. Since groundwater is the
only source of water in Siwa Oasis and this study covers almost
all the available resources, measurements should be taken on
the management level to deal with the problem and to use
these resources in a sustainable integrated way to preserve
and maintain soil quality. One suggested solution is blending
poor water quality with high water quality (i.e., deep wells).
Several management options are available for salinity control,
which include drainage, leaching, selection of crop and variety
tolerance for salinity, changing methods of irrigation, chang-
ing cultural practices, and land development and management
for salinity control. In all cases, a package of combinations of
these options should be taken in consideration together since it
is very difﬁcult to solve the problem with only one measure.
Another dimension that should be closely monitored and
examined is the contribution of point sources of pollution to
the groundwater quality such as the sewage and waste dis-
charge (Al-Farraj et al., 2013), the agricultural drainage sys-
tem, and the saltwater intrusion due to unsafe ground water
mining. Extensive studies following the saltwater and its pro-
gress should be done and depending on such data, an inte-
grated management system should be implemented in which
the number of wells and amount of water abstraction should
be regulated and monitored.
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